Abstract -Screening for tetrodotoxin among biota at low levels of the food chain led us to identification of bacteria as the primary source of the toxin. In parallel with the search for the biogenetic origin, we explored naturally occurring tetrodotoxin analogues which might shed light on the biogenetic pathways of ,the toxin. Isolation of 6-e~itetrodotoxin and 11-deoxytetrodotoxin from the newt Cynops ensicauda suggested that tetrodotoxin biosynthesis involves an isoprenoid C 5 unit. tained ~-n o r t e t r o d o t o x i n -6 ( i ) -o l , in addition to tetrodotoxin and the two analogues found in newts. Addition of tsifluoroacetic acid-d to the NMR solvent resolved NMR signals and thus allowed us to assign for the first time all proton and carbon NMR signals of tetrodotoxin and its analogues.
INTRODUCTION
Tetrodotoxin (2, TTX) is a potent neurotoxin well known for its unique chemical structures and pharmacological properties. Nevertheless, its biogenetic origins as well as its biosynthetic or metabolic pathways have remained unknown. The toxin was first isolated from puf- fic fluorometric HPLC analyzer, we traced the food chain back to the origin and identified bacteria as the primary source of I + .
analogues in the hope of shedding light on the biogenetic pathways of this unique toxin. New analogues were isolated from newts and puffers, and structural determination of analogues were achieved mainly by NMR measurements.
After developing a sensitive and speci-
The analyzer was also used to explore natural TTX matographic methods, f a s t atom bombardment mass spectrofietry (FABMS) sodium hydroxide t o 2-amino-6-hydroxymethyl-8-hydroxylquinazoline ( r e f . 9, 10 ) . Pseudomonas sp. i s o l a t e d from t h e s k i n of t h e p u f f e r I d e n t i t y of A and 1 produced by t h e b a c t e r i a w a s unambiguously e s t a b l i s h e d by chroand degradation w i t h poecilonotus a l s o produced 2 and 1 ( r e f . 11).
THE ORIGIN OF TETRODOTOXIN

NATURAL ANALOGUES OF TETRODOTOXIN
Our i n i t i a l attempt t o i n v e s t i g a t e t h e b i o s y n t h e t i c r o u t e f o r b a c t e r i a was hampered because of t h e lowered t o x i n p r o d u c t i v i t y of t h e organism a f t e r gener a t i o n s of c u l t u r e .
b a c t e r i a , we explored n a t u r a l analogues of 2 s p e c i f i c a l l y i n newts and p u f f e r s . Eight t e trodotoxin analogues were i s o l a t e d .
Japan, were e x t r a c t e d with 0 . 1 N a c e t i c a c i d and t h e e x t r a c t s were chromatographed success i v e l y on columns of c h a r c o a l , BioGel P-2, BioRex 70, and H i t a c h i i o n exchange g e l 3011C. Separation of t h e analogues w a s monitored by t h e f l u o r o m e t r i c a n a l y z e r s and by t h i n l a y e r chromatography. The s t r u c t u r a l determination of t h e analogues was achieved through NMR and
FABMS measurements. a c i d showed poor r e s o l u t i o n of 1 H and 13c s i g n a l s due t o t h e tautomerism between h e m i l a c t a l and l a c t o n e forms ( F i g . 1). Addition of t r i f l u o r o a c e t i c acid-d t o t h e s o l v e n t markedly im-
proved t h e r e s o l u t i o n of s i g n a l s i n t h e NMR s p e c t r a . The 1 H NMR spectrum of 1 r e v e a l e d doubled s e t s of s i g n a l s , conforming t o t h e tautomerism between h e m i l a c t a l and l a c t o n e forms.
l a c t a l form (La) and t h e o t h e r t o a l a c t o n e form ( J b ) .
s i g n a l s i n t h e NMFi s p e c t r a of 1 was achieved by 1 H -l H and %-1H COSY measurements ( Table 1) . The s t r u c t u r e s of t h e analogues shown i n Fig. 2 were determined by comparing NMFi d a t a w i t h t h o s e u s i n g t h e TTX-producing I n p a r a l l e l w i t h t h e e f f o r t t o p o t e n t i a t e t h e t o x i n production of t h e The newt Cynops ensicauda ( 3 . 5 kg) c o l l e c t e d i n Okinawa, NMR s p e c t r a of ,1 measured i n deuterium oxide w i t h d e u t e r a t e d a c e t i c The tautomer g i v i n g r i s e t o t h e s i g n a l s w i t h high i n t e n s i t y was assigned t o a hemiAssignment of a l l I H and of A. s i g n a l s were d e r i v e d from 1 H -l H and l 3 C -l H COSY measurements. S i g n a l s i n 2 due t o H-ha, H-8, H-11, C-ha, C-5, C-6, and C-7 were s i n i f i c a n t l y s h i f t e d from t h e corresponding s i g n a l s of 1, supporting t h e 6-* assignment, IH-fH COSY of 2 showed couplings between H-h/H-ha, H-4a/ H-5, H-5/H-7 (W-type), and H-7/H-8, analogous w i t h 1.
with t h o s e of ,1.
s t r e o c h e m i s t r y at c-8a and C-9 i n 2 w a s presumed t o be t h e same as t h o s e i n 1, because ,1 was c o n v e r t i b l e t o a 4,g-anhydro d e r i v a t i v e i n t h e presence of a c i d . The a x i a l s u b s t i t u t i o n o f C -1 1 was confirmed by NOE measurements and d i f f e r e n c e s p e c t r a ; i r r a d i a t i o n a t 3.74 (CH2-11) enhanced s i g n a l i n t e n s i t i e s Of H-4a and H-8 of 2 ( F i g . 3 ) . The molecular formula of 11-deoxytetrodotoxin (2, was e s t a b l i s h e d by high res o l u t i o n FABMS. l i n g between H-4a and H-9, are e s s e n t i a l l y t h e same as t h o s e of 1 (Table 1) .
13C-1H COSY s p e c t r a of 3 i n d i c a t e d t h a t t h e CH2-11 s i g n a l s i n
s i g n a l ( Table 1) . Comparison of C-11.
A s i g n a l a s s i g n a b l e t o C-6 was s h i f t e d u p f i e l d , and t h o s e of C-5 and C-7 were s h i f t e d downfield, while o t h e r s i g n a l s of 3 agreed w i t h t h o s e of 3 (Table 1) . Methyl-11 was a s s i g k ed e q u a t o r i a l conformation because no NOE was observed between H-ha and C H 3 -l l .
Comparison of 1% and 1 H s i g n a l s of 3 and 5 i s shown i n Table 1 . Assignments of
The coupling p a t t e r n s a l s o agreed Thus s t r u c t u r a l change a t C-4ay C-5, C-7, and C-8 was r u l e d o u t . The 1 H -l H COSY of 2 showed t h a t t h e coupling p a t t e r n s , i n c l u d i n g a W-type coup-
1H-1H and
were r e p l a c e d by a methyl NMR s p e c t r a of 2 and L f u r t h e r supported r e d u c t i o n a t Both 2 a n d 3 6 -epiTTX 1 1 -norTTX-6 (g) -0 1 Fig. 3 . NOE measurements of 6-e itetrodotoxin (2) and 1l-nortetrodotoxin-6(~)-01 (4) 360 MHz, 1% CF3COOD, 4&D3COOD/D20 exist as hemilactal-lactone tautomers.
from 2, 2, or 2.
were unambiguously established (ref. 12).
Three species of puffers, Fugu niphobles, F. pardalis and F. poecilonotus, contained 11-nor- H-ha/H-9 and H-5/H-7 supported skeletal resemblance between 2 and 1. In the 1H NMR spectrum of 2, CH2-11 signals of 2 was replaced by an oxymethine signal (6 3.73, t, 1.7 Hz) which was coupled with H-5 and H-7. The axial configuration of H-6 was confirmed by the NOE decoupled difference spectrum (Fig. 3) . The present study is the first to show the natural occurrence of i , although A had been prepared from
Other analogues (2-2) were found to be derivable Thus structures of all the tetrodotoxin analogues isolated from the newts previously (ref. 13). 1H NMR:* 360 MHz (NT360), ** 300 MHz (GN-300), CHD2COOD=2.06pptn, J i n I12 Solvent:* 1% CF3COOD, 4% CD3COOD / D20, ** 4% CD3COOD / D20.
DISTRIBUTION OF TETRODOTOXIN ANALOGUES A M O N G NEWTS AND PUFFERS
The newts C. ensicauda, C. pyrrhogaster, Taricha granulosa, and Triturus alpestris contained 1, 5, and 2; Triturus vulgaris and Notophthalmus viridescens b a n m i t u r u s Oregon 2 and ?, ; -In C. ensicauda the relative ratio of J , 2, proportion of 1 was observed in the skin, while 2 was the major component in eggs. The presence of was not confirmed in newts. In all three species of puffer tested, F. niphobles, -F. pardalis, and E. poecilonotus, 2 , 3, and > were present as minor components. -Fig. 4 shows a chromatogram of representative analogues on the analyzer used for screening. and Paramesotriton hongkongensis 2. A salamander Ambystoma tigrinum contained_lnd 3.
The highest and 3 was variable among tissues.
